Objective-To evaluate perfusion of abdominal organs in healthy cats by use of contrastenhanced ultrasonography. Animals-10 young healthy anesthetized cats. Procedures-Contrast-enhanced ultrasonography of the liver, left kidney, pancreas, small intestine, and mesenteric lymph nodes was performed on anesthetized cats. Results-Typical perfusion patterns were found for each of the studied organs. Differences in perfusion among organs were associated with specific physiologic features. The liver was enhanced gradually and had a more heterogeneous perfusion pattern because of its dual blood supply and close proximity to the diaphragm, compared with other organs. An obvious and significant difference in perfusion was detected between the renal cortex and medulla. No significant differences in perfusion were detected among the pancreas, small intestine, and mesenteric lymph nodes. Conclusions and Clinical Relevance-Results indicated that contrast-enhanced ultrasonography can be used in cats to estimate organ perfusion as in other species. Observed differences in perfusion variables can be mostly explained by physiologic differences in vascularity. (Am J Vet Res 2010;71:1305-1311 
I
n CEUS, the contrast agent is given IV and is purely intravascular. The contrast agent consists of gas-filled microbubbles encapsulated by a shell of various compositions and is detectable in circulation for several minutes. The microbubbles resonate when insonated via ultrasonography, generating echoes at twice the frequency (second harmonics) of the transmitted ultrasonographic impulse. For the detection of realtime perfusion in tissues, a specialized contrast-specific ultrasonography technique (eg, harmonic and coded imaging or phase amplitude modulation) is needed to visualize these returning echoes, allowing detection of tissue microcirculation.
Compared with older Doppler techniques, detection of lesion perfusion is better with CEUS because Doppler techniques are prone to several artifacts and cannot detect small vessels, slow, low-volume blood flow, or flow from unfavorable angles. 1 Contrast-enhanced ultrasonography can be used to evaluate tissue microcirculation qualitatively or quantitatively. In qualitative analysis, the tissues' macro-and microvascular structure can be visualized in real time. In quantitative analyses, detailed information of signal intensity versus time can be obtained from a selected ROI, resulting in several perfusion variables acquired from the generated time-intensity curve. 2 Therefore, by use of CEUS, tissue perfusion can be estimated as the concentration of microbubbles in the blood flow (signal intensity), indicating quantity of blood flow. 3, 4 Perfusion of a tissue may vary with diseases, such as neoplasia, trauma, and infarction. These perfusional changes in organ parenchyma can be detected with CEUS, which can improve disease characterization. Contrast-enhanced ultrasonography was introduced to human medicine as a new method for detecting focal changes in perfusion of several abdominal organs, including liver, spleen, kidneys, and pancreas. 5, 6 It is also used in detecting pathological changes affecting large vessels 7 and in diagnosing abdominal trauma. 8 Contrast-enhanced ultrasonography is important not only in detecting perfusional changes and aiding diagnosis of neoplastic, traumatic, and necrotic lesions, but also in the treatment and monitoring of cancer. 9 Most studies have focused on the liver. Liver lesions can be diagnosed with high accuracy as benign or malignant by use of CEUS, even up to the histologic level. 7, 10 Contrast-enhanced ultrasonography is considered to be nearly as reliable a diagnostic tool as CT and MRI in medicine. 11, 12 Computed tomography and MRI are presently the gold standard for imaging malignancies in human medicine. The possible adverse effects, including adverse or allergic reactions and potential nephrotoxicity of the iodine-and gadolinium-containing contrast agents used in those techniques, limit their use, particularly in patients with kidney disease. 13, 14 The use of CT and MRI for evaluation of masses and tumors has been studied to a certain extent in veterinary medicine. 15, 16 In addition to the posibility of contrastinduced toxicoses, the requirement for anesthesia limits the use of CT and MRI in veterinary medicine, which makes CEUS a valuable alternative.
Contrast-enhanced ultrasonography has been proven to be a safe and minimally invasive diagnostic tool for dogs, [17] [18] [19] [20] [21] cats, 22 and humans. 23, 24 In dogs, reports exist about quantitative [17] [18] [19] [20] [21] and qualitative [25] [26] [27] [28] [29] studies that used contrast-enhanced harmonic imaging techniques. One quantitative study 22 was performed on cats and used contrast-enhanced power and color Doppler techniques to assess vascularity and blood flow in the pancreas. The only current clinical indication for use of CEUS in veterinary medicine is detection and characterization of focal lesions in the liver and spleen in dogs. [25] [26] [27] [28] [29] The purpose of the study reported here was to evaluate the perfusion of normal organs in healthy anesthetized cats by use of CEUS, to serve as a reference for later clinical studies.
Materials and Methods
Study population-The study was performed at the College of Veterinary Medicine, Kansas State University. Ten healthy young (5 to 6 months of age) sexually intact male domestic shorthair cats weighing 3.58 to 4.26 kg were included in the study. Clinical examinations were performed on each cat along with CBCs and a serum biochemical panel to exclude metabolic disease. Urinalysis and bacteriologic culture of urine were performed to exclude cats with infections or hematuria. The cats were premedicated with atropine (0.02 mg/kg, SC) and sedated with acepromazine (0.06 to 0.1 mg/kg, SC) and morphine (0.25 to 0.5 mg/kg, SC), and general anesthesia was induced with diazepam (0.3 mg/kg, IV) and ketamine (6 mg/kg, IV). While each cat was anesthetized, a 25-gauge IV catheter was placed in a cephalic vein. The indication for anesthesia was concurrent neutering.
The cats used in this study were purpose-bred laboratory cats used earlier in another research project at the College of Veterinary Medicine, Kansas State University. The protocol was planned so that the study could be conducted simultaneously with the neutering procedure done for the cats in the other research study. The protocol was approved by the Institutional Animal Care and Use Committee. b The hair was clipped over the ventrolateral portion of the abdomen. Alcohol and gel were applied to the skin, and the transducer was manually positioned by the same person during each imaging procedure. Care was taken to keep the transducer in the corresponding location and depth for each organ group. A mechanical index was maintained at 0.31 to 0.33 depending on depth of view, which is an intermediate mechanical index that results in image optimization for the selected transmit frequency, machine system, and contrast medium. Standardized parameters included depth (3 cm for the pancreas, small intestine, and lymph node; 4.5 cm for the liver, renal cortex, and medulla), time gain compensation, overall gain, and focal zones. Two focal zones were placed at the level of or just below the organ imaged for each organ group. The number and placement of focal zones were optimized for better image quality with the selected transducer frequency and imaging depth. Organs were imaged in the following order: liver, left kidney, pancreas, small intestine, and mesenteric lymph nodes. The left kidney, left lobe of the liver, and pancreas were imaged separately in the sagittal plane of the cat. The small intestine and mesenteric lymph nodes were imaged simultaneously in the transverse plane. All cats received 1 to 2 bolus injections (0.1 mL for each injection) of contrast medium, c followed by a bolus of 0.5 mL of heparinized saline (0.9% NaCl) solution for each imaged organ. The injections were given in a standardized manner by the same person throughout the study. A digital imaging series of 30 seconds with a frame rate of 16 to 22 Hz, depending on the depth of the organ imaged, was recorded after each contrast injection. The time between the injections was approximately 2 minutes or until no contrast medium was visible. Between each injection, residual bubbles were destroyed by continuous scanning of the imaged organ, cranial portion of the abdomen, and aorta with fundamental ultrasonography and output power adjusted to 100%, until background echogenicity was similar to that seen before injection. Time-intensity curves were created online from the raw imaging data d and exported and evaluated with an external computer by use of commercial software.
e,f Image analysis and descriptive statistics-Standardized time-intensity curves were created from se-lected ROIs in each organ (Figure 1 ), representing the signal intensity (decibels) in relation to time (seconds). Care was taken not to include any adjacent tissues (eg, mesentery or falciform ligament fat) or larger vessels inside the ROI. In the pancreas, small intestine, and mesenteric lymph nodes, the size of the ROI was chosen so that it covered the organ parenchyma as well as possible. However, it was limited in size when avoiding large vessels near the organ of interest. Artifactual data, such as data from adjacent tissues that moved into the ROI during respiratory motion, were removed. In the liver, placement of the ROI was left from midline, but the placement varied slightly among individuals because of respiratory motion and image quality.
The functional perfusion variables 2,20 ( Figure 2 ) chosen for analysis were AT, defined as the time point when contrast level is increasing to greater than baseline in the time-intensity curve, followed by a further rise; TTPinj; BI, defined as the signal intensity during AT; PI, during TTPinj; TTPinr (TTPinj-AT); Wi; and Wo. Wash-in rate and Wo were calculated as the maximal change rate, measured approximately at 10% greater than baseline and 90% from the peak, respectively, according to the following guidelines: Wi was 10% greater than the highest point of the baseline noise (10% greater than baseline), where all subsequent points continued to increase to a point along the same contiguous line that reached 90% of the maximum value (90% of the peak). The data were then regressed for that data set for significance of linearity. The slope of the line of the regressed data set was used for the Wi. Wash-out rate was determined from a point 90% of the maximum point, where all subsequent points continued to decrease, to the final point measured (for liver and renal medulla) or until the points reached 20% of the previous baseline value. The data were then regressed for significance of linearity. The slope of the line of the regressed data set was used for the Wo. For both Wi and Wo, noise was defined as points or sets of points not within the regressed line that were removed from the final data set. The liver, renal cortex, and renal medulla were imaged in all 10 cats. The pancreas, small intestine, and mesenteric lymph nodes were imaged in only 8 cats. Wash-out rate could be calculated in only 9 cats in the renal medulla because of a gradual sloping during the 30-second time interval. In 1 cat, washing out of renal medulla was gradual and could not be measured within the first 30 seconds. Wash-out rate in the pancreas was calculated in 7 cats because of bad image quality in 1 cat.
In 8 cats, the data of the liver and renal cortex were obtained by determining the mean of 2 injections. In the other 2 cats, the second recording and corresponding time-intensity curve were rejected because of poor image quality. In the data of the renal medulla (n = 10 cats), pancreas (8) , small intestine (8) , and mesenteric lymph nodes (8) , only 1 recording with corresponding time-intensity curve was available; therefore, direct measurements were used instead of means. ; ANOVA with repeated measurements was used to compare variables among cats within each organ. The variances within and among cats in the liver and renal cortex were analyzed with the Student t test with 2-tailed P values and 1-sample t test of the difference between 2 injections. Analysis of variance with repeated measurements and Student t test were used to compare variables among organs or organ groups within cats. Subgroups of small intestine, mesenteric lymph nodes, and pancreas were compared because these organs have the most similarities in circulation. For this purpose, ANOVA and post hoc Student t tests with Bonferroni correction were performed. The remaining organs were compared by use of the Student t test, as follows: the liver was compared with renal cortex, pancreas, and small intestine, and the renal cortex was compared with the liver, pancreas, and small intestine. The same organs or organ subgroups were also tested by use of the Pearson correlation test to determine whether similar correlations existed in the variables among the organs within the same cat. Coefficient variation was used to estimate the amount of internal variation in the perfusion variables analyzed. Significance for analysis was set at P < 0.05.
Statistical analysis-Data

Results
Subjective results-Enhancement of the different organs varied in time and pattern (Figure 1 ). Applying contact between the linear transducer and the cat was somewhat difficult and required a moderate amount of pressure, especially when the liver was being imaged. The image quality was therefore not always optimal for imaging the entire liver. After injection of the contrast agent, there was an immediate subsequent enhancement of hepatic arteries and portal veins to a great extent. This was followed by more gradual enhancement of the liver parenchyma. In general, the image was considered more heterogeneous in the liver than in the other organs.
The renal parenchyma was enhanced in 2 phases: the contrast agent arrived first in the cortex, followed by a more gradual and sparsely spotted enhancement of the medulla (Figure 1 ). The enhancement of cortex and medulla reached almost equal intensity at 30 seconds; by this time, the cortex was already in wash-out phase.
The pancreas, small intestine, and mesenteric lymph nodes all were enhanced early and intensely immediately after the large supplying vessels were enhanced (Figure 1) . Keeping the ROI in the middle of the scanned area, thereby avoiding larger vessels and adjacent tissues, was more difficult in the liver and pancreas, the organs most affected by respiratory motion.
Descriptive results-The numeric results describing the perfusion of all the organs were analyzed ( Table  1 ). All data included in the study were significantly correlated in a linear regression.
Repeatability-Variation tested within cats between the 2 injections was not larger than the variation among cats. In the liver data, however, a significant (P = 0.014) difference was detected in the BI between the injections. Comparison of perfusional variables among organs-Differences between the renal cortex and medulla were significant for all perfusion variables (Table 1 ). In the subgroup of small intestine, lymph nodes, and pancreas, no significant differences were observed after post hoc testing and the Bonferroni correction. The liver differed from the renal cortex and pancreas in all perfusion variables. Between the liver and small intestine, a significant difference was detected in all variables except BI and PI. Moreover, a significant correlation was detected between the small intestine and lymph nodes in AT (r = 0.943), BI (r = 0.734), and TTPinj (r = 0.856) and between the renal cortex and small intestine in AT (r = 0.822) and TTPinj (r = 0.938).
Coefficient of variation-The variation measured as the coefficient of variation was not large (< 25%) in any of the studied organs in the PI, with the exception of the renal medulla. Much variation (> 30%) occurred in BI in all studied organs, except in the renal medulla. In general, the data of the renal medulla and liver had greater variation (> 25%) in all variables describing the timing (AT, TTPinj, TTPinr, Wi, and Wo), compared with the other analyzed organs.
Discussion
On the basis of results of earlier studies 17, 18, 30, 31 with other species, typical perfusion patterns for each imaged organ were evident in the present study. The liver, which was always imaged first, had a similar pattern as seen in other species; however, TTPinj seemed to be earlier in cats, compared with dogs. The image quality was not optimal for the entire liver for 2 reasons. First, the contact between the skin of the cat and the linear probe almost always required a moderate amount of pressure, and despite the pressure, there was sometimes lack of contact in the whole field of imaging. This might cause problems in a nonanesthetized animal. Second, the probe frequency and the dosage of the contrast medium were so high that noticeable attenuation occurred in the far field (4-cm depth). Because of dual hepatic blood flow 32 and close proximity of the diaphragm, which caused more respiratory motion in the image, increased heterogeneity was visible both in the image (during the first 10 to 15 seconds) and in the timeintensity curve (during the complete 30 seconds). 31 The renal cortex had a homogeneous, early, and intense enhancement, followed by a more gradual and heterogeneous enhancement of the medulla, which was similar to other species 4, 22 ; however, TTPinj seemed to be earlier in the renal cortex in cats, compared with dogs. The renal medulla seemed to have sparse enhancement, first at the periphery and then followed by gradual enhancement of the inner portions, according to the direction of blood flow. 33, 34 The pancreas, small intestine, and mesenteric lymph nodes all had an early, intense, and uniform enhancement, as could be expected in organs receiving all their blood-and therefore also microbubbles-directly from afferent arteries, which was also reported in earlier studies. [35] [36] [37] When imaging the pancreas, the scan plane and greater amount of respiratory motion resulted in more heterogeneity in the time-intensity curve.
The differences in the functional perfusion variables (Table 1) can be mostly explained by physiologic differences among the vascular structures and blood flows of the organs. 4, 33, 34, 38, 39 The impact of anesthesia on organ perfusion, however, is a confounding factor and needs to be further studied in detail. To our knowledge, the anesthetics used in combination in the present study have not been studied either separately in cats or as a combination in any species. Furthermore, vascular reactions in an organ cannot be easily estimated through cardiopulmonary and blood flow measurements alone. Brown et al 40 reported no significant changes in heart rate with long-term (6-hour) anesthesia performed with continuous infusion of guaifenesin, ketamine, and xylazine in cats. In studies [41] [42] [43] [44] performed in other species, the cardiopulmonary and hemodynamic effects of various anesthetics have been discussed, but none of the studies have investigated the effects of the anesthetic combination used in this study. Therefore, we can only speculate what effect the anesthesia used in this study had on each organ. Despite the importance of potential anesthetic effects, however, in this study, perfusion variables were similar among the pancreas, small intestine, and mesenteric lymph nodes.
The relatively large variation in liver perfusion variables, compared with other organs, was most likely caused by small differences in regional blood flow caused by the complex vascular structure in the liver 31, 39, 45 and by the close proximity of the diaphragm, which caused a greater amount of motion artifact. The shape of the time-intensity curve reflects the vascular structure of a scanned organ. 31 The gentle slope of both the wash-in and wash-out phase was noticed to be typical of the liver. 17, 18, 45 This seemed to be attributable to the dual blood flow from the hepatic artery and portal vein. 31, 32 In our study, the exact location of the ROI in the liver lobe could not be kept constant among cats. This might cause some extra variation (besides the variation caused by respiratory motion and poor image quality) in the variables because the placement of the transducer, as well as the imaged liver lobe, reportedly has an influence in the observed perfusion variables in rabbits. 31 The moderate heterogeneity observed in the perfusion pattern of the liver is, however, reportedly less than the differences between healthy liver and focal hepatic neoplastic changes observed both by qualitative and quantitative CEUS. 30, 46 Therefore, it is not clinically important when comparing focal perfusional changes, but it might be confusing when detecting diffuse or milder focal changes in the liver.
The differences in perfusion variables between the renal cortex and all other organs reflect the differences in vascular structure and blood flow. 33 The renal cortex is highly vascularized with a unique, well-organized vascular structure at the level of both macro-and microcirculation. 33 The marked difference in perfusion, detected with CEUS, between the renal cortex and medulla corresponds with the physiologic features of those structures 33, 34 and is in agreement with previous studies 4, 20 in other species. The difference in perfusion between cortex and medulla may be overestimated, however, because the ROIs drawn in the cortex and medulla were not exactly at the same depth. This was caused by the small size of the cranial pole of the feline kidney. The depth of the ROI has an effect on the obtained perfusion variables. 47 Also, the size of the ROIs would have been different between the cortex and medulla, if the ROI had been drawn in the cranial pole of the kidney. Both of these factors (depth and size of the ROI) can have an effect on the appearance of the timeintensity curve. 47 The delayed onset of signal and longer time required to reach PI (gentler slope) apparent in the renal medulla, compared with the cortex, can be explained by vascular structure differences; most of the blood flow into the medulla comes through a capillary network. 33, 34 The volume and velocity of the blood flow in the medulla are much less than in the cortex, and some microbubbles may have already been exposed to ultrasonography before entering the medulla. 4 The large variation detected in the perfusion variables was similar to the results of previous studies in dogs 20 and rabbits. 4 This variation can be predominantly explained by the vague and heterogeneous enhancement pattern of the medulla because of its vascular structure and differences in the regional blood flow in the outer and inner medulla. 34 The slower and lower blood flow and therefore smaller amount of circulating microbubbles cause more variation in the detected intensities in relation to time, 4 partially because of vascular heterogeneity in the medulla and partially because of a greater impact of motion artifact on the time-intensity curve. Some of this variation may, however, represent true variation among individuals. Therefore, further studies are needed to estimate its importance in clinical patients with renal disease affecting the medulla.
The subgroup of pancreas, small intestine, and mesenteric lymph nodes had similar perfusion patterns, as could have been expected because of the similarities in vascular structure among the organs (arterial afferent vessels). However, there were differences between this subgroup of organs and the liver and renal cortex in the variables describing the timing (AT, TTPinj, and TTPinr) and also in BI and PI between the liver and pancreas. The differences between the organs in the subgroup and the liver can be mostly explained by differences in the afferent vessel systems and vascular structure. 39 The differences between the organs in the subgroup and renal cortex could be explained by vascular structure and differences in blood flow. 38 Repeatability of obtaining perfusional variables was good in both the liver and renal cortex. The difference between the 2 injections in BI in the liver data could be attributable to variation caused by respiration, the complex dual blood flow and sinusoidal blood flow, 45 differences in blood flow between separate areas of the liver, 31 or true baseline variation because of bubble uptake by the sinusoids or bubble saturation. 45 The difference observed in the BI, however, was considered clinically unimportant because it was remarkably less than the reported difference in PI between healthy and diseased liver tissue. 48 In the renal cortex, no significant difference was found between the separate injections for any of the variables. However, the sequence of the injections was different between the liver and renal cortex because the liver was the first organ imaged (injections 1 and 2) and the cats had already had several injections before the kidney was imaged (injections 5 and 6). Therefore, a small difference in BI among cats could have been hidden by a small amount of residual microbubbles because the effect of several contrast injections on perfusion variables, and specifically BI, is not known to the best of our knowledge. Results indicated that no significant differences in the perfusion variables existed between 2 injections with the scanning intervals used in this study.
The large variation discovered in the perfusion variables of the renal medulla (AT, TTPinj, PI, TTPinr, Wi, and Wo) and the liver (AT, BI, TTPinj, TTPinr, Wi, and Wo) was probably attributable to slower, lesser, and more heterogeneous venous blood supply, 31 smaller amount of circulating microbubbles, and motion artifact, compared with other organs. 4, 47 Further studies are needed to fully understand the reason and effect of this variation and to estimate its importance in clinical patients with renal medullary or diffuse liver disease.
Quantitative CEUS, however, results often in values that are not entirely comparable among studies. First, the results may vary because of the multiple factors affecting the time-intensity curve, such as technical scanning variables, contrast agent characteristics, and patient-related factors. 45, 47, 49, 50 Second, the differences in intensity-measuring units and scales among different imaging modalities (dB vs video-intensity units) can further complicate comparisons. Furthermore, the present study was performed on anesthetized cats, and anesthesia is known to affect the perfusion of several organs. Therefore, these results must not be correlated with results in nonanesthetized patients without caution.
The present results indicate that CEUS can be used in cats to estimate organ perfusion as in other species. The obtained baseline data may serve as reference values in the future assessment of cats with kidney, liver, pancreatic, intestinal, or lymph node disease or suspected vascular compromise. 
